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HIGH-TEMPERATURE PROPERTIES AND ALLOYING BEHAVIOR
OF THE REFRACTORY PLATINUM-GROUP METALS

by

R. W. Douglass, F. C. Holden, and R. I. Jaffee

INTRODUCTION

This report covers the resuits of a survey of the literature on the platinum-group
metals. The major emphasis here is on the metallurgical properties of the four more
re{ractory platinum-group metals, rhodium, iridium, osmium, and rutheni ‘m; how-
ever, available information on platinum and palladium is also included. This survey is
intended to provide a reference point for an investigation of the metallurgical proper-
ties ot the platinum metals., It will serve as a guide to planning experimental work,
both revealing areas where concentrated study is needed and preventing duplication of
previous work. In general, original source= were consulted and are referred to
throughout the report; however, in reviewing areas that are not of primary metallurgi-
cal interest, i.e., occurrence, extracticn, and corrosion behavior, information was
drawn mainly from review articles in these fields. All references are included 1n a

list ui references at the end of the re-ort,

A selected bibliography of papers and books that proved to be of special help in
compiling information for this report is included following the text. These selections
are useful either in giving a broad background of the field or in supplying an extensive

treatment of & specialized portion of the field.

PROCESS METALLURGY

Geologic Occurrence

The platinum metals, platinum, palladium, rhodium, iridium, osmium, and
rutheninm, generally are found together in nature. The usual habitat of the metals is
in ultrabasic rocks where thiey have been concentrated by magmatic processes. There
are two principal types of primary deposits: (1) local cencentrations of the native
metals with dunite, often associated with chromite, and (2) disseriinated in nickel-
ccpper sulfide deposits in norite. In addition, erosion of the deposits of native plati-
num metals has yielded important placer deposits found in Alaska, Colombia, and the
Soviet Union, Osmiridium, a natural alloy containing osmium and less than 40 per
cent iridium, and iridosmine, containing greater than 40 per cent iridium, are im-
portant sources of these metals usually found in South Africa but also in Tasmaria and

the Soviet Union. (1,2,3)

BATTELLE MEMORI AL INSTITUTE



The most important commercial dunite deposits are found in the Ural Mountiinsg
of the Joviet Union, and at Overwacht in the Transvaal in the Union of South Africa.
The most extensive nickel-cuppc - eulfide deposits yiclding the platinum metals are in
the norite belt ot the Bushv:ld igacour complex in the Transvaal and in the Sudbury
district of Ontario, Canada. The metals often are found in compounds in the sulfite
deposits; cooperite, Pt(As,S);; sperrylite, PtAs,, PdSbjy; laurite, RuS;; and braggite
(Ft,Pd,Ni)S; hovever, in oxide regions of the sulfide deposits, the native metals are
often found. (3)

In all deposits platinum usually is feund in the greatest amount, followed by palla-
dium. The Sudbury ores usually yield platinum and palladium in equal amounts, and
the natural osmium-iridium alloys yield some platinum and essentially no palladium.

To show the quantities and various sources of the metals, the production o1 the
platinum-group metals over a span of years is listed in Table 1. (4)

The refractory platinum metals (ruthenium, rhodium, iridium, and osmium)
comprise about 10 per cent of the total platinum metals production. (3) Of these, ruthe-
nium is the most plentiful, witl rhodium next most plentiful, in the ratio: ruthenium 16,
rhodium 8, iridium !, and osmium practically negligible.“o)

Extraction and Beneficiaticen

The refining of the platinum metals can be considered in two steps: (l) concen-
tration of platinum metals from the ore, and (2) separation of the individual platinum
metals. For native platinum and iridosmine only the second stel need be used.

The most significant world source of the platinum metals is the nickel and copper
sulfate ores in the Sudbury district in Canada. These ores are smelted and the metal
1s heated with coke and sodium bisulfate to dissolve the copper sulfide in preference to
nickel sulfide. On pouring the melt, two layers are formed, the top layer containing
sodium-copper sulfide and very little precious metal, and the bottom layer containing
nickel sulfide and the bull c¢f the platinum metal. The 'bottoms'' are roasted and the
nickel is removed by leaching with sulfuric acid, leaving a residue containing about
5 per cent platinum metals. The residue is smelted with litharge, fluxes, and char-
coal, which reduce the lead oxide to molten lead. The lead, which acts as a collector
for the precious metals, can be oxidized to litharge, yielding an ingot with a high con-
centration of the platinum metals. This is treated with boiling concentrated sulfuric
acid, which removes most of the silver and about one-third of the paliadium as sul-
fates, yielding a residue of the platinum metals and gold.(l)

This concentrate and native platinum can be dissolved in aqua regia and treated
according to the flowsheet, Figure 1, to yield the platinum metals in the form of
spenge and powder.
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(Complled by Augnsta W, Jann and Bernice B. Mitchell)

TABLE 1. WORLD PRODUCTION OF PLATINUM: -GROUP METALS, 1948-1952(AVERAGE) AND 1953-19567, IN TROY OUNCES{9()

1918-105?
Country (Average) 1953 1954 1955 1956 1957
Nutta Americay
Canada
Platinwn: flacer platinum from
refining njckel-copper marte 135,112 137, 645 154, 356 170, 494 151, 357 196, 077
Other platinume-group metals;
from refining nickel-copper
matie 160, 326 166, 018 189, 350 214, 252 163, 451 213,285
United States:
Placer platinum and from
dome:tic gold and copper
refining 30, 655 26, 072 24,235 23,170 21, 398 18, 531
Total 326, 093 329, 635 367, 941 407, 916 336, 206 427, 893
South America;
Celombiag Plarcer platinum 30, 598 28,201 28, 465 27, 526 26, 215 26, 000
Europe: U,S,S.R.:
Placer platinum and from
refining nickel-copper ores(b) 105, 000 100, 000 100, 000 125, 000 125, 000 125, 000
Asfas Japan
Palladfum from reiineries 234 71 248 221 218 200
Clatinum from refineries -- 987 1, 347 628 483 425
Total 234 1, 058 1,595 849 701 625
Africas
Belgian Congo:
palladium from refinertes () 63 -- 176 . 160 325
Ethiopia:
Placer platinum 332 566 230 350(b) 300(b) 300(b)
Sierra Leone:
Placer platinum 29 - 33 -- - 5(d)
Union of South Africa:
Platinum-group metals from
platinum ores 47, 858 90, 292 101, 921 109, 267 C .-
Concentrates (platinum-group
meta!l content from platinum ores) 96, 929 208, 8856 236, 241 272, 465 484, 574 603, 704
Osmiridium from gold ores 6, 409 6, 966 6, 266 7,021 6, 696 5, 361
Total 151, 620 o€ "0 344, 834 389,103 491, 730 6605, 695
BAYTELLE MEMORIAL INSTITUTE
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TABLE 1, (Continued)

1948-1952
Country {(Average) 1953 1954 1955 1956 1957
Oceania,
Austrafia;
Placer platinum S -5 23 7 12 20
Placer osmiridium 53 59 16 21 26 66
New Guinea a(e) 6 5 10 9 11
New Jealaad:
Placer platinum 2 2 1 i 2
Papuas
Placer platinum 1 X a(h (®) Gl
Ictaf 64 67 49 38 41 100
world Total (estimate) €15.200 715,000 850, 000 950, 000 980, 000 1,190, 000
Data do

(4) This table Incorpezates a number of revisfons of data published in previous platinum chapters of Reference (4).
not add to totals shown beeause of rounding where estimated figures are included 1n the detail,

(b) Larmate,

(c) Includes platinuin,

(d) Exports,

(¢) Average for 4 vears, only, a5 1949 was the first year of commereial production,

(1) Year ended June 30 of vear stated,

() Less than 0.5 ounce,
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Connolidation and Fabrication

The platinum metals, until recently, were mei . a lime crucible by direct
heating with an oxyhydrogen or oxygans torch., This method, being the oldest, is per-
haps most widely used, however, the use of induction heating has come into frequent
use (15) arc melting under a vacuum or wnert atmosphere would scem to be an effi-
arent muethod of consolidation, especially for ruthenium and osmium which react readily
with oxygen, however, *his techaique has not found commercial use.

Platinum s melted 1n a neutral or oxidizing atmosphere 1n a nonreactive crucible,
LLime crucibles had been used extensively because of their availability and ability to
withstand high temperatures. Zirconia crucibles are currently used in many applica-
tions, although almost any of the common high-melting refractories, such as alumina
or thoria, would be acceptable, Ingot molds usually are made from graphite or silica,
graphite being preferable to silica because of its good chilling properties. There are
no reports in the literature on the amount of superheat necessary to provide suitable

castings,

The 9ame precautions should be taken in choosing and using a crucible or ingot
mold as are taken in using platinum thermocouples or with platinum furnace windings.
Once important consideration is to avoid the use of a silica or silica-containing material
in contact with platinum in a reducing atmosphere. In addition, a combination of oil or
grease with silica in a reducing carbonaceous atmosphere will result in some reduction
of silica to silicon. This then alloys with platinum to form a low-melting grain-

boundary constituent, (6)

Platinum is very ductile and the ingots can be easily cold worked directly into a
variety of commercial shapes. Platinum usually is forged initially at about 800 C to
hreak down the as-cast grain structure and to provide ductility. It is customary to
anneal platinum above the recrystallization temperature during cold working; however,
platinum does not work harden very rapidly so that rather large reducticns of the order
of 75 per cent between anneals are possihle.(7) Recent developments have shown that
platinum prepared by powder-metallurgy techniques has superior strength to conven-
tionally prepared platinum.(a) This will be discussed more fully later.

The melting of palladium is somewhat more difficult than that of platinum. kKx-
perience has shown that palladium melted under oxidizing conditions is gassy whereas
melting in a reducing ¢nvironment results in ingots that are hot short and brittle.

Atkinson(9) has studied the effect of gases on the melting, casting, and working
of palladium. He reported that the use of hydrogen as a deoxidizer during melting re-
sulted in very dense ingots, although it promotes violent gassing and attendent spatter-
ing. In addition, hvdrogen dissolved :n molten palladium reduces the crucible material
with resultant contamination of the melt. Two other disadvantages associated with a
hydrogen atmosphere are steam formation, which causes surface pitting of castings,
and blister formation upon heating strip in air. Tests using city gas, methane, and
acetylene as deoxidizers also showed blistering of the palladium sheet on annealing in
air. The use of carbon monoxide as a deoxidizer seemed to give the best results.

An investigation of the most suitable atmosphere for anncaling palladiuin re-
vealed that helium and argon are the most satisfactory, followed by CO,, steam, and
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ritrogen. Hydrogen, in addition to hardening palladium, also forms blisters when the
palladium is saturated with oxygen. Air is unsuitable because the oxygen reacts with
hydrogen to produce blisters; where solid deoxidizers are employed, internal oxidation

becomes a problem,

It appcars that the use of solid deoxidizers, aluminum and calcium boride, may
be superior to gaseous deoxidizers(92), but there is no substantial information in the

literature to confirm this suggestion.

Palladium, being soft and ductile, can be werked in the same manner as platinum,
It is reccommended that palladium be annealed in an inert atmosphere, such as nitrogen
or carbon monoxide, to prevent oxide formation, (8)

Rhodium is most commonly melted by induction heating under an inert atmos-
phere to prevent oxide formation.{(1,3) Unlike platinum and palladium, rhodium is
rather difficult to work, requiring that initial reductions be accomplished at hot-
working tempcratures, 800 C or above. (8) Relatively ductile rhodium can be producerl
by hot and warm working at gradually decreasing temperatures. Sheet produced by
this technique usually can be cold worked if the thickness is less than 0,030 inch; how-
cver, cold working must be accompanied by frequent annealing, as rhodium work

hardens extremely rapidly at room temperature,

Recent developments in electron-beam purification techniques have resulted in
rhodium rods of sufficient purity to permit cold working without preliminary hot work-
ing. This work has not yet been reported in the literature and the little information

that is available doues not elaborate on the process,

Rhodium can be annealed in air although a superficial oxide film is formed at

temperatures below 1100 C,

Iridium is generally prepared by arc-melting or powder-metallurgy techniques,
aithough it may be melted :in lime crucibles under an oxyhydrogen flame. (3)

Fabrication data for iridium prepared by powder-metallurgy techniques are not

available.

Iridium is perhaps more difficult to work than rhodium. Ingot breakdown is
usually accomplished at 1200 to 1500 C. Like rhodium, relatively ductil: iridium can
be preparcd by working at gradually decreasing tempcratures. Iridium can be suc-
cessfully cold worked in sizes below 0.030 inch. (8)

Ruthenium and osmium, the two hexagonal members of the group, are similar
with respect to their consolidation and fabrication characteristics. Both are usually
consolidated by powder -metallurgy techniques, although arc melting also is employed
in consolidating these metals. Neither of the metals is considered truly workable, but
ruthenium has been forged in air above 1500 C, and rather small cold reductions, of the
nrder of 10 per cent, can be effected in the laboratory,

Some success has been found in fabricating fine-grained powder-metallurgy
ruthenium; however, ductile ruthenium has not yet been produced. Further research
on electron-beam or floating-zone melting may produce extreme!ly high-purity, fine-
grain material, that can be successfully worked to a usefully ductile material. (10)
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Rhysl 104) has reported the resuits of wome recent work on the fabricat on of
ruthenium. Ruthenium powder ol varying purity was investigated under a variety of
sintering and working temperatures and atmospherces. Material sintered in o high
vacuum had better workability than that sintered in low vacuum or a hydroger atmon-
phere. Sintering temperature appeared to have little e¢ffect on workability as long an
the temperature was higher than 1473 C. The hot-working temperature also did not
appear to be critical, temperatures as low as 1200 C being satisfactory; however,
1450 to 1500 C forging temperatures gave optumum results,  Workability was inde -
pendent of furnace atmosphere, air, hydrogen, and nitrogen-hydrogen, but ruthenum
en-apsulated in evacuated platinum envelopes had better hot workability than unpro-

tected ruthenium,

In genceral, 1t was possible tc cold reduce ruthenium that had previously been hot
worked by about 10 per cent reduction between anneals. Rhys was successful 1in cold
rolling ¢, 010-inch-thick strip, however, this material was very brittle. The ductility
of the strip reduced to 0, 02-inch thickness by hot working was superior to that of the

thinner cold-rolled strap,

Arc-melted ruthenium was found to have poorer workability than the powder-
metallurgy ruthenium; however, the arc-melted material of highest purity co 1d be

worked successfully to rod and strip.

The fabrication of osmium has received much less attention than ruthenium, and
osmium is still considered unworkable. It seems, however, that techniques designed
to produce ductile ruthenium would also be beneficial in the fabrication of osmium. The
fabrication of osmium is further complicated by its volatile and toxic tetroxide which
dictates that elevated-temperature working be done in an inert environment,

PHYSICA L PROPERTIES

The physical properties of the platinum-group metals have been summarized
previously(l, 3,7,11, 12) and will not be discussed extensively here except where con-
flicting, or new data, have been uncovered. Physical-property data from several
sources have been compared and where there is agreement the most extensive source
is referenced, Where there is disagreement, several values are reported or the most

widely accepted value is reported.

Atomic Number

Platinum Palladium Rhodium Iridium Osmium Ruthenium

T8 46 45 77 76 44
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Atomic Weight

Plattnum  Pelladium  Rhodium  Iridium  Osmium Ruthenium

195. 23 106, 7 102.91 193.1 190, 2 101.7

irystal Structure

Platinum, palladium, rhodium, and iridium all have face-centered-cubic struc-
tures; osmium and ruthenium have hexagonal close-packed structures, Early reports
indicated the existence of two allotropic forms of rhodium and four allotropic forms of
ruthenium. (7} Recent investigations by McCalden and Duwez(13) and Bale(14) reported
no evidence of the allotropic transformations previously reported for rhodium and

ruthenium,

Lattice Constants

The lattice constants of the platinum-group metals at 20 C are tabulated below:{7)

Platinum Palladium Rhodium Iridium Osmium Ruthenium

a,A 3.9258 3.8825 3, 1951 3.8312 2.7304 2, 6987
-~ 4,3104 4,2730

c.A = -- --

Density

Calculated and measured densities of the platinum metals at 20 C are tabulated
below.{7) Both density values are reported. The measured density of osmium ranks
it as the most dense element, although iridium has the higher calculated density.

Platinurn Palladium Rhodium Iridium Osmium Ruthenium
Measured, g/cm? 2 4 11.9 12.4 22.4 22.5 12. 2
Calculated, g/cm3 21,4 12.02 12.4 22,65 22.61 12. 45

Melting Point

The melting points of the platinum-group metals are tabulated below. It should
be printed out that the values of 2550 and 2750 C for ruthenium and osmium, respec-
tively, that have been frequently reported are not included. More recent determina-
tions(15) indicate that ruthenium melts at approximately 2250 C and osmium melts at

approximately 3000 C,
BATTELLE MEMORIAL INSYITUTE
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Platinum Palladium Rhodium Iridium Osmium Ruthenium

Melting Point, C 1769 1552 1960 2442 5000 2250

Boiling Point

The approximate boiling points of the platinum-group metals (with the exception
of platinum) have been determined cxpcrimcmally.(7) The botling point of platinuim was
calculated [from vapor-pressure data. In addition, values of the boiling points of these
metals calculated by Brewer(10) are included.

Platinum Palladium Rhodium Iridium Osinium Ruthenium

Boiling Point, C(7) 4530 3980 4500 5300 5500 4900

Boiling Point,
Calculated, c(16)  41u0 3440 4150 4800 4900 4500

It would be expected from vapor-pressure data and known melting points that the

boiling point of rhodium would bé higher than that of platinum, as is indicated by the

data of Brewer.

Specific Heat

The specific heats of the platinum-group metals as functions of temperature arc
presented in Figure 2. (7) They are expressed analytically as follows:

Specific Heat 7
at 20 C, cal/g(12) CP=a+bt-ct2< )
Platinum 0.032 Cp = 0.031678 + 6.30574 x 10-6 ¢ -
1.62487F ¢ 10-6t2 (1o 1400 C)
Palladium 0,058 Cp = 0.05841 + 1.5853 x 10-5 ¢
(to 1000 C)
Rhodium 0.059 Cp = 0.060467 + 1.8303 x 10-5t
(to 1000 C)
Iridium 0.032 Cp = 0.030725 + 7.4004 x 10-6 ¢
(to 1700 C)
Osmium 0,031 C, = 0.030986 + 4.721 x 10-61
{to 1600 C)
Ruthenium 0.058 C. =0,057429 + 1,892] x 10-51¢

(to 1000 )
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Therial Conductivity

T —

I'he thermal conductivitien of the platinum metals at 20 C are tabulated

bLelow (3. 12)

Platinum Palladium Rhodium Iridium Osmium Ruthentum

[hermal Conductivity,
C;ll’(.‘H.'L)(CH\‘Z)((.:/CXH) 0.17 0.17 0. 3o 0. 35 -- --

Thermal Expansion

The thermal expansion of platinum, palladium, rhodium, and iridium as a func-
tion of temperature is shown in Figure 3.(7) The coefficients of linear expansion be-

tween 0 to 100 C of all six metals are given below, (3,7,12)

Platinum Palladium Rhodium Iridium Osmium Ruthenium

Coefficient of Linear
Expansion, 10 6/C 8.9 11,7 85 6.5 6.6 9.6

Vapor Pressure

The vapor-pressure data on the platinum-group metals have not been in general
agreement. In some instances, the volatilization of the platinum metal oxides has
been confused with volatilization of the metals, leading to erroneous conclusions as to

the relative vapor pressure of the metals,

Some selected data from the work of Brewer(16) as tabulated by Dushman(17)

are presented below. The temperatures, in C, necessary to achieve certain metal

Vapor pressures are givcn.

Temperature, C, at Indicated
Pressure, microns
10-2 10-1 1 10 100 1000

Platinum 1606 1744 1904 2090 2313 2582
Palladium 1156 1271 1405 1566 1759 2000
Rhodium 1681 1851 1971 2149 2358 2607
Tridium 1993 2154 2340 2556 2811 3118
Osmium 2101 2264 2451 2667 2920 3221
Ruthenium 1913 2058 2230 2431 2666 2946

These data, plus information from other sources, have been summarized with
vapor-pressure data of the elements and their oxides and carbides from bromine to
uranium by North American Aviation, Inc, (18) The data in this report are summarized
graphically and will not be reproduced hiere.
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Haclling and Daancl183) have recently determined the vapor prossure of palladium

hetween 1115 and 1400 C. Their data fit the relationship log Pryyp © _L‘i”fé’(_%)‘_sé ¢t 8,30

t 0.04 which results in vapor pressures of a factor of almost 15 greater than previ-
ously recorded, This difference is felt to be due to increased accuracy of the measur-

ing techniques,

Electrical Resistivity

The clectrical resistivity of the metals at 20 C is presented below:(3)

Platinum Palladium Rhodium Iridium Osmium Ruthenium

Electrical Resistivity,

jiohm-cm 10. 6 10.7 4.7 5.3 9.5 (9.5)(3)
(7. 2)(7)
(14.4)(1)

The effect of temperature on the resistivity of the four face-centered-cubic
metals is shown in Figure 4,01

Emissivitv

The effect of temperature on the emissivity of the platinum-group metals has not
yvet been thoroughly investigated. The available data from several sources are tabu-

lated Lelow:

Platinum Palladium  Rhodium Iridium Osmium Ruthenium Wavelength, A, micron References
n,3u 0.33 0.24  0.30(1750 C) == - 0.65(solld) (7
0,4y 0.37 0.30 -- =S = 0.65(liquid) (7)
0.30(1100 C) 0.35(1000 C)  -- -- -- - 0.66 (1)
0. 30(1300 C) 0.31(1450 C)  -- -- -- .- 0.66 (1)
¢.31(1500 C) 0.37(1550 C)  -- = c .- 0.66 (19)
0.87-0, L (total cmissivity (3

At 25-1500 C)

Magnetic Susceptibilily

The magnetic susceptibilities of the platinum metals, except osmium, at various
temperatures are tabulated on page 16. (7)
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16
Temperature, ___Magnetic _§}_:_gsg_)l_il:l!tl\;‘.__;i.:_;_lo_:i_’. Mass units
C __ Platinum  Palladium Rhodium Iridium Rumcnuu_u_!
18 1.10 5.8 1. 14 0.15 0.56
250 0.66 4.3 1.30 0.18 --
500 0.55 3.3 1.46 0.21 0.62
750 0. 44 2.6 1.55 0,25 --
1000 0. 36 2.1 1.80 0.29 0.70

Atom.ic Propertics

In addition to some of the atomic and thermal propertics listed previously, there
are many other properties of the metal atoms that are of specialized interest. Some of
these, such as atomic diameter, closest approach of atoms, ionization potential,
chemical valence and valence electrons, atomic abundance in the earth's crust, the
mass of the isotopes and the thermal-neutron-absorption cross section, are listed i

Table 2.

TABLE 2, SOME ATOMIC PROPERTIES OF THE PLATINUM-GROUP METALS

B S _f'il_a(m_u_xg Falladiun Rhocium Iridium Osmium Ruthuny_ull Beterences
Atomie Diameter, kX 2. 764 2.745 2.7 2.709 2.70 2,67 (20)
Distance of Closest Approach, kX 2.764 2,748 2.684 2,709 2.670 2044 (20)
fonization Potential, ev 8.90 8.33 7.1 B.7 8.7 1.5 (20)
Chenmical Valence 4,2 2,4 3,4 4,6,8 4,6,8 3,4,6,5 (20)
Valence Electrons 542651 4¢lv 4d85s1 5d' %5 546652 4d75s1 (20)
Atomic Abundance in Farth's Crust 4 x 1078 8 x 104 1.6 x 1079 8x 107 4 x 118 31079 (20)
Isotope Mass, A 192 102 103 191 184 36 (20)
194 104 -- i93 186 98 (20)
195 105 -- 187 9 (20)
I8 106 = EE 188 100 {20)
198 108 e -- 189 101 (20)
== 110 EE = 140 102 (20)
= = -- e 192 104 (20)
Thermal-Nentron-Absorption
Cross Section, barns/atom 8.1 8.0 150 430 14.17 2.46 (2D

Elastic Modulus

The more refractory platinum-group metals have amcng the highest known
elastic moduli; osmivm having a higher modulus than any other element,

The room-temperature values of elastic modulus of these metals arc tabulated
below, (3)

Platinum Palladium Rhodium Iridium Osmium Ruthenium

Elastic Modulus, 100 psi 22 16 40 74 81 60
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The effect of temperature on the elastic modulus of the four face-centered-cubic
metals, as reported by Kautcr(zz), is shown in Figure 5. All of the modulus valucs at
room temperature reported by Koster appear to be higher, especially for the case of
rhodium, than thosc reported by others. This is probably because Knaster reported
dynamic modulus whercas the other values are representative of static modulus,

CHEMICAL PROPERTIES

Gas-Mctal Reactions

Carbonaceous Gasces

An interesting phenonmenon has been observed with unstable hydrocarbons that
crack in contact with hot platinum metals. Damage to the metals in the form of a fine
intergranular precipitate of carbon extending some distance into the metal has been
observed. No explanation is offered for this phenomenon, (23)

Most of the platinum-group metals are unaffected by exposure to commercial
carbon monoxide; however, it has been observed that CO will harden palladium, and
that ruthenium will react with CO to form a carbonyl at 180 C and very high pressures,
of the order of 200 atmospheres.

Exposure to carbon dioxide reportedly has no effect on any of the platinum-group
metals . (43)

Halogen Gases

Platinum. Investigations of the reaction of platinum with chlorine gas over the
temperature range 500 to 800 C revealed the corrosicn rate reaches a maximum at
570 C and then drops to a minimum, approximately one-fiftieth of the maximum at
650 C. This behavior is attributed to the change in vapor pressure and the nature of
the platinum chloride reaction products. (23)

Studies by Nogareda( 24) of the cerrosion rate of platinum in chlorine and bromine
gas at low pressures reveal that the corrosion rate varies with the second power of the
gas pressure vetween 600 and 850 C, and with the first power of the pressure from
1200 to 1300 C.

The results of various studies indicate that up to 400 C a protective film, pre-

sumably PtCl; is formed; at 600 C no film is formed, and at 700 C a weight loss is
observed. This is in disagreement with the first tests mentioned.
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Hydrogen

Studies of the reactions of hydrogen with the platinum-group metals have largely
centered on the palladium-hydrogen system. Of the other platinum-group metals,
Smithells{19) reports only osmium and i idium do not adsorb hydrogen.

None of the platinum metals have been reported to be embrittled on expasurce to
hydrogen, however, exposure of pallad.um to oxygen and hydrogen atmospheres alter -
nately does result in blistering from water vapor formation. This phenomenon also s
common in copper and silver, but his not been obscrved in any of the other platinum-

group metals.

A more complete prescntation of the hydrogen-platinum metals systems is given
later in the section ""Alloy Systems'',

Nitrogen
Smithells(l9) reports that nitrogen is insoluble in all of the platinum-group
g 134

metals.

There was no information found on the effect of nitrogen on the physical or

mechanical properties of the metals.

Oxygen

Brewer(184) critically analyzed the available data for the oxides of the platinum-
group metals. He concluded that many of the oxides have low decomposition tempera-
tures, and their study must be carried out at temperatures where equilibrium condi-
tions are difficult to obtain. Most of the work has been dene without the aid of X-ray
analysis, and many phases have becn reported which do not exist. Many of the oxides
have been prepared from aqueous solutions, and some of the reported oxide phases
appear not to exist under anhydrous conditions.

The following decomposition temperatures (the temperature where the dissocia-
tion pressure of the solid oxide reaches 1 atmosphere of oxygen) have been given by

Brewer:
Decomposition

Decomposition
Oxide Temperature, K Oxide Temperature, K
PtO 780 £ 30 IrO> 1373
Pt304 =5
PtO, 750 RuO; 1400 £ 30
RuO4  Metastable to RuO; + O
PdO 1150
0s0O, Disproportionates at 923 K to
Rh,0 1400 give 1 atm OsOy(g)
RhO 1394
Rh,04 1150 OsO4 Normal boiling point = 403
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Bascd on these data, Drewer concluded that above about 1400 K (1127 C) no solid
oxide phases can oxist e¢ven in an atmosphere of oxygen. Using an argumeoent based on
thermodynamics, he concluded that, with the exception of osmium, only Msz and hg‘O
gancous molecules can rosult from the reaction of oxygen with the platinum-group
metals. MO, is supposed to be predominant at the lower temperatures, and M0
should predominate at the higher temperatures where O begins to diszociate appreci-

ably 1nto atomic oxygen,

Heats and free cnergics of formation, according to the comp.lation by
Conghlin(zez), are presented for several of the oxides of the platinum-group metals in
Tables 3 and 4, respectively, Based on Coughlin's frec-energy data, the decomposi-
tion temperatures for solid PdO, RhO, RhZOJ, IrOZ, and RuOZ arec 1160, 1300, 1215,
1630, and 1425 K, respectively.

Prior to presenting the experimental results concerning the behavior of the
platinum-group metals in oxygen at elevated temperatures, a few of the problems
associated with the interpretation of such data should be mentioned. The face-
centered-cubic platinum-group metals are well known for their tarnish and oxidation
resistance. Under many conditions of temperature and oxygen pressure they can be
considerecd noble metals. A!l of the platinum-group metals have volatile oxides under
certain temperature conditions. Throughout the literature there appears to be a ques-
tion as to whether the metals vaporize and the oxides are formed from the vapor or
whether a solid oxide is formed followed by immediate vaporization. Most investi-
gators today agree that the latter is the case.

Because of the low oxidation rates exhibited by most of the platinum metals, the
oxidation characteristics are extremely sensitive to impurities in the metal. In addi-
tion, since the oxides are volatile, it is possible to build up an oxide-metal equilibrium
in a static atmosphere, thus leading to an erroneous picture of the oxidation character-
istics. In a nonstagnant environment the flow rate of the oxidizing atmosphere could be
expected to influence test results, especially with those metals with highly volatile
oxides. Fryburg and Murphy(25) have commented on this effect and have reviewed
some pertinent data to illustrate the effect of a moving versus a stagnant atmosphere.
Because of the number of test variables, all of which have a large influence on experi-
mental results, the following presentation will concentrate on the most extensive in-
vestigations where the variables mentioned will be assumed constant for all tests. In
addition, comparisons of the results of several investigators will not be attempted un-
less there is a reasonable assurance that the experimental conditions are equivalent,

Platinum. Platinum is reported to fcrm two oxides, PtO, produced by heating
platinum sponge or platinum black in oxygen a! 510 to 560 C(Zb), and PtO;, which has
been isolated and identified by Fryburg(27) as the volatile reaction product of platinum
with activated oxygen. The formation of PtO, has also been noted by Gilintherschulze
and Betz(28) in an investigation of the oxidation of platinum in ionized gases. In addi-
tion, both of these oxidss have been found coexisting in surface films on platinum

clectrodes, (29)

Schneider and Esch(3o), in a study of the oxidation characteristics of platinum,
report that the evaporation rate of platinum dioxide is strongly dependent upon oxygen
pressure. Kubaschewski and Hopkins(:“) conclude from Schneider's data that the
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pressure of the oxide increasen :n proportion to the oxygen pressure in agreement whh

the cquilibrium relationship
Proe Oz(g) 5 PtOz(g). PP[U) = K/Py, K= 1.65« 10-0 4t 1200 C .
(32,33,34,35) have studied the oxidation of platinum in oxy -

Several invenstigators
gern and flowing air at 1000 C and above,

The work of Raub and Plate(32) on the oxidation of platinum in oxygen 18 sum-
marized in Figure 6, At 1000 and 1100 C the weight loss appears to be linear with time
up to 30 hours' exposure. At 1200 and 1300 C, however, the rate of weight loss de-
creases with increasing time, the most significant departure from linearity being at
1200 C. The authors specified that the tests were carried out in flowing oxygen
(0.4 liter/min), but the possibility exists that this flow was not sufficient to remove
any stagnant environment which would result in an approach to an equilibrium of oxide
vapor with metal. This explanation, however, does not account for the difference in

the curves for the 1200 and 1300 C exposures,

The authors(32) also report that eaposure to oxygen at 900 C resulted in weight
losses of such a magnitude as to be mcasured or. an analytical balance. However,
work of other investigators(33,34,35) indicates that somewhere in the region of 900 C
or below platinum should begin to show a weight gain, This would not be unexpected as
the dissociation pressure of the platinum oxide would probably fall below 1 atmosphere
of oxygen at some temperature, This is in agreement with Wohler and Frey(36) who
state that the dissociation pressure of PtO; at 530 C is under 592 mm of mercury.

The effect of alloying with other platinum-group metals on the oxidation resist-

ance of platinum is shown in [‘igures 7 through 9.

The addition of palladium results in a slight increase ir the weight loss as com-
pared with pure platinum at 1100 C; however, the weight loss decreases with increasing
palladium cc~tent up to 40 weight per cent palladium., This behavior can be attributed
to increased oxygen solution resulting from the addition of palladium. At 1iG0 C the
40 per cent palladium alloy shows an initial increase in weight which later i3 eliminated

by the volatilization of the oxide.

The effect of rhodium additions shown in Figure 8 can be divided into two separate
effects, At 900 C, increasing the rhodium content results in a change from a weight
loss at 10 weight per cent rhodium to a definite weight gain at 40 weight per cent
rhodium, due to the formaticn of the trivalent rhodium oxide. At 1100 C the alloys
show a decreasing weight loss with increasing rhodium concentration. The authors
feel that an increase in the oxygen dissociation pressure of the nxide resulting from
the alloying affinity between platinum and rhodium prevents the formeation of the tri-
valent rhodium oxide in all of the alloys under investigation.

Additions of iridium, the least oxidation resistant of the face-centered-cubic
platinum metals, result in increased weight loss of the platinum (see Figure 9). This
effect is attributed to vaporization of the iridium plus an increased tendency toward
vclatilization of the platinum in the presence of ‘ridium,
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